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ERF1Arabidopsis GDSL lipase 1 (GLIP1) has been shown to modulate systemic immunity through the reg-
ulation of ethylene signaling components. Here we demonstrate that the constitutive triple
response mutant ctr1-1 requires GLIP1 for the ethylene response, gene expression, and pathogen
resistance. The glip1-1 mutant was defective in induced resistance following primary inoculation
of necrotrophic pathogens, whereas GLIP1-overexpressing plants showed resistance to multiple
pathogens. Necrotrophic infection triggered the downregulation of EIN3 and the activation of
ERF1 and SID2 in a GLIP1-dependent manner. These results suggest that GLIP1 positively and nega-
tively regulates ethylene signaling, resulting in an ethylene-associated, necrotroph-induced
immune response.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Plants utilize multilayered immune systems to counteract path-
ogen attacks [1]. The basal resistance to pathogens is triggered by
the recognition of pathogen-associated molecular patterns
(PAMPs) by cell surface receptors, a mechanism referred to as
PAMP-triggered immunity (PTI) [2]. Some pathogens successfully
combat PTI by directly secreting effectors into the cytosol of host
cells. Plants have further evolved effector-triggered immunity
(ETI), wherein plant resistance (R) proteins speciﬁcally recognize
pathogen effectors [3]. These local immune responses lead to a
broad-spectrum resistance, designated as systemic resistance, in
yet uninfected tissues. Systemic acquired resistance (SAR) and in-
duced systemic resistance (ISR) are two main types of systemic im-
mune responses [4–8]. In general, plants utilize various defense
mechanisms, depending on the lifestyle of pathogens [6,9,10].
SAR is associated with the accumulation of salicylic acid (SA) and
resistance to biotrophic pathogens, whereas ISR requires jasmonicacid (JA) and ethylene signaling, and confers resistance to necro-
trophic pathogens [9–13].
The signal transduction pathway of one of the defense hor-
mones, ethylene, has been elucidated using genetic and molecular
analyses [14,15]. The effect of ethylene on dark-grown seedlings,
the so-called triple response, is characterized by the inhibition of
hypocotyl and root growth and exaggerated curvature of the apical
hook. Ethylene signaling components have been isolated based on
the altered triple response phenotypes of corresponding mutant
seedlings [14–16]. In the ethylene response pathway, ethylene is
recognized by His kinase receptors such as ETHYLENE RECEPTOR
1 (ETR1) [17]. In the absence of ethylene, ethylene receptors acti-
vate a Raf-like serine/threonine kinase CONSTITUTIVE TRIPLE
RESPONSE 1 (CTR1) that functions as a repressor of ethylene re-
sponses [18]. ETHYLENE INSENSITIVE 2 (EIN2) and EIN3 are posi-
tive regulators of ethylene responses and act downstream of
CTR1 [19]. In the absence of ethylene, two classes of F-box proteins,
EIN2 TARGETING PROTEIN 1 (ETP1)/ETP2 and EIN3-BINDING F-
BOX PROTEIN 1 (EBF1)/EBF2, target EIN2 and EIN3 for proteosomal
degradation, respectively [20–23]. Upon ethylene perception, CTR1
is repressed and EIN2 is subjected to proteolytic cleavage [24]. The
resulting carboxyl-terminal fragment of EIN2 is translocated to the
nucleus, which results in the stabilization of EIN3 and conse-
quently triggers ethylene responses. Transcription factors EIN3
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ene responses [25–27]. ERF1, which encodes a transcription factor
of the ethylene-responsive element-binding protein (EREBP) fam-
ily, is one of the target genes of EIN3 and EILl [19,28].
Although fungal and bacterial pathogens trigger the production
of ethylene, the role of ethylene in disease resistance has been con-
troversial [29]. Ethylene signaling components have been impli-
cated in immune responses. ERF1 has been shown to activate the
expression of defense genes such as PLANTD EFENSIN 1.2 (PDF
1.2) and BASIC CHITINASE (b-CHI), and confer resistance to necro-
trophic pathogens [30]. Mutations in EIN2 reduce both transcript
and protein levels of FLAGELLIN-SENSING 2 (FLS2), the receptor
for PAMP ﬂagellin, and ﬂg22-induced resistance to Pseudomonas
syringae pv. tomato (Pst) DC3000, suggesting a positive role of
EIN2 in PTI [31]. EIN3 directly binds to the FLS2 promoter, and to-
gether with EIL1, controls FLS2 expression. On the other hand, EIN3
and EIL1 repress PAMP defense through the downregulation of SA
INDUCTION DEFICIENT 2 (SID2), which is involved in SA biosynthe-
sis [31,32]. Based on these results, ethylene communicates with
the SA pathway in a synergistic or antagonistic manner.
Previously, we showed that Arabidopsis GDSL lipase 1 (GLIP1)
requires ethylene signaling components for its expression, and reg-
ulates systemic immunity through positive (i.e., ERF1 activation)
and negative (i.e., EIN3 degradation) feedback regulation of ethyl-
ene signaling [33]. Here, we show that GLIP1 affects the expression
of ERF1 and EIN3 in response to necrotrophic pathogens, suggest-
ing that this may be an important molecular event of ethylene-
dependent systemic immunity.0
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Fig. 1. GLIP1 is essential for ethylene responses. (A) Genomic analysis of glip1-1
ctr1-1 crossed line. PCR analysis was performed using GLIPI-speciﬁc and T-DNA left
border primers for conﬁrmation of T-DNA insertion within the GLIP1 gene (top).
DNA sequencing was performed to identify the point mutation in ctr1-1 (bottom).
Target regions containing the mutation site were ampliﬁed using CTR1-speciﬁc
primers and the PCR products were sequenced. Mutation site (D694E substitution)
is marked by black bars on top of the chromatogram. (B) Growth phenotypes of Col-
0, glip1-1, 35S:GLIP1, ctr1-1, and glip1-1 ctr1-1 plants. Plants were grown in soil for
4 weeks under long-day conditions. (C) Triple response phenotypes (top) and
hypocotyl lengths (bottom) of 4-day-old etiolated seedlings grown in air or 10 ppm
ethylene. The values are means  S.D. ðn ¼ 20). Asterisks indicate signiﬁcant
differences from the respective Col-0 (t test; P < 0:05).2. Materials and methods
2.1. Plant materials
Arabidopsis thaliana (ecotype Columbia, Col-0), ethylene mu-
tants, and transgenic plants were grown in a growth room with
75% humidity under 16-h daylight at 23 C. Plants used in this
study include glip1-1 [34], 35S:GLIP1 [35] and ctr1-1 [18]. The
glip1-1 mutant was crossed with ctr1-1, and homozygous lines
were conﬁrmed by PCR and sequence analysis using the following
speciﬁc primers: for T-DNA left border, 50-GCT GCC TGT ATC GAG
TGG TGA TTT TGT-30; for GLIP1, 50-CAA ACA GCG CTT TGA GAT-30
and 50-GCC GGT CAC TGA ACT GAT-30; for CTR1, 50-GAG AGA CGT
CGC CTG AGT ATG G-30 and 50-GAC AGC TTG AGG CTG CTG TAT
C-30; and for ctr1-1 mutation, 50-GTG ATT ACT TCC TGA TCT TGG
TG-30.
2.2. Pathogen strains
Pst DC3000 and Pst DC3000 (AvrRpt2) were grown on King’s
medium B agar plates containing 100 lg/mL rifampicin and
50 lg/mL kanamycin [36]. Erwinia carotovora and Alternaria bras-
sicicola were cultured in L-medium containing 100 lg/mL ampici-
lin and in potato carrot agar plates, respectively [37]. Pathogens
were grown at 28 C.
2.3. Pathogen inoculation
Plants were grown at 23 C under short-day conditions (8-h
light/16-h dark) for 6 weeks. Pathogen treatments were performed
as described [34]. For treatment with P. syringae, plant leaves were
inﬁltrated with 10 lL of MgCl2 (10 mM) or a bacterial cell suspen-
sion (106–107 cfu/mL). Treatment with A. brassicicola was per-
formed by applying 10 lL of water or a spore suspension (5 
105–106 spores/mL). For treatment with E. carotovora, plant leaves
were inﬁltrated with 10 lL of 0.9% NaCl or a bacterial cell suspen-sion (105–106 cfu/mL). For the induction of systemic resistance,
primary leaves pretreated with A. brassicicola (106 spores/mL), E.
carotovora (5  105 cfu/mL) or Pst DC3000 (AvrRpt2) (107 cfu/mL)
were incubated for 2 days and its secondary leaves were inoculated
with E. carotovora (105 cfu/mL) or Pst DC3000 (106 cfu/mL). Bacte-
rial growth was determined 3 days after inoculation as described
[34]. Pathogen-infected plants were kept in a growth chamber
with 75% humidity under short-day conditions. This experiment
was designed as a randomized complete block with 5 replications
and one plant per replication, and was repeated at least 3 times.
1654 H.G. Kim et al. / FEBS Letters 588 (2014) 1652–16582.4. Immunoblot analysis
Western blot analysis was performed as described [34]. Total
proteins were extracted from 6-week-old plants and separated
by SDS–gel electrophoresis. EIN3 proteins were determined by
immunoblotting using the anti-EIN3 antibody [33].
2.5. RNA analysis
Plant leaves were collected at the indicated time points for RNA
isolation. Quantitative real-time RT-PCR was performed as de-
scribed [34]. PCR reactions were performed using the following
gene-speciﬁc primers: for GLIP1, 50-GGT TTG AGA CGG CTA AAT
C-30 and 50-GTT CAA ACA GCG CTT TGAG-30; for ERF1, 50-GCT TCA
ACG CTC CCC TTT TCT CC-30 and 50-CAT CCG CTG GCC ATT GCG
GTT C-30; for SID2, 50-GAG ACT TAC GAA GGA AGA TGA TGA G-30
and 50-TGA TCC CGA CTG CAA ATT CAC TCT C-30; and for PDF1.2,
50-GCT AAG TTT GCT TCC ATC ATC ACC-30 and 50-AAC ATG GGA
CGT AAC AGA TAC ACA C-30. The expression levels were normalized
to the constitutive expression level of ACTIN1 and were calculated
using the geNorm program [38]. The experiments were repeated at
least 3 times with biologically independent samples.
3. Results and discussion
3.1. Dominant effect of GLIPl on the constitutive triple response of
ctrl-1 seedlings
Previously, we found that GLIP1 regulates ethylene signaling
through positive and negative feedback mechanisms [33]. To fur-
ther assess the regulatory role of GLIP1 in ethylene signaling, we0
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Fig. 2. GLIP1 regulates ERF1 expression and resistance to Alternaria brassicicola. (A) Expre
plants. Four-week-old plants were treated with air or 10 ppm ethylene for 12 h. The valu
differences from the respective Col-0 ðt test; P < 0:05; P < 0:01Þ. (B) Disease phenot
Six-week-old plants were inoculated with 10 lL of water (mock) or A. brassicicola (Ab; 5 
sites. The values are means  S.D. ðn ¼ 20). Asterisks indicate signiﬁcant differences fro
results were obtained.performed epistasis analysis between glip1-1 and the constitutive
ethylene response mutant ctr1-1 plants by genetically crossing
them. The T3 homozygous glip1-1 ctr1-1 line was selected by PCR
and sequence analysis (Fig. 1A). CTR1 is a major negative regulator
in ethylene signaling and the ctr1-1 mutant undergoes severe
growth inhibition [18,19]. However, the crossed glip1-1 ctr1-1 line
rescued the growth phenotype of ctr1-1, appearing similar to glip1-
1 plants (Fig. 1B). To evaluate the triple response, hypocotyl
lengths of etiolated seedlings were measured. Consistent with pre-
vious results, GZJ/7-overexpressing plants (35S:GLIP1) and glip1-1
exhibited increased and decreased ethylene sensitivities, respec-
tively (Fig. 1C). Similar to its growth morphology, glip1-1 ctr1-1 lost
the constitutive triple response of ctr1-1, but displayed the ethyl-
ene-insensitive phenotype of glip1-1. These results demonstrate
that GLIP1 functions downstream of CTR1 and is essential for the
positive regulation of ethylene responses.
3.2. GLIP1 is critical for ERF1 expression and ethylene-associated
pathogen resistance
In our previous study, GLIP1 positively modulated ethylene re-
sponses through feedback activation of ethylene-responsive genes,
including ERF1 [33]. We thus assessed whether the ethylene re-
sponse phenotypes were correlated with the expression of ERF1
and GLIP1 (Fig. 2A). Upon ethylene treatment, ERF1 and GLIP1were
largely induced in wild type, but not in glip1-1 plants. Ethylene-
hypersensitive 35S:GLIP1 and ctr1-1 plants showed strong, consti-
tutive ERF1 and GLIP1 expression, which was abolished in glip1-1
ctr1-1 plants. This indicates that GLIP1 is a key modulator of
ERF1 expression and the dominant effect of GLIP1 on ctr1-1 may
be related to GLIP1-dependent ERF1 expression.0
2
4
6
8
10
12
14
16
Le
si
on
 d
ia
m
et
er
 (m
m
)
0
5
10
15
20
25
30
35
40
1 2 3 4 5
Col-0 glip1-1 35S:GLIP1 ctr1-1 glip1-1 ctr1-1 
** *
**
**
**
*
Air 
C2H4
GLIP1 
*
*
*
*
ssion analysis of ERF1 and GLIP1 in Col-0, glip1-1, 35:GLIP1, ctr1-1, and glip1-1 ctr1-1
es are means  S.D. from 3 independent experiments. Asterisks indicate signiﬁcant
ypes of Col-0, glip1-1, 35:GLIP1, and glip1-1 ctr1-1 plants treated with A. brassicicola.
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m the Col-0 ðt test; P < 0:05). The experiment was repeated 3 times and similar
H.G. Kim et al. / FEBS Letters 588 (2014) 1652–1658 1655GLIP1 plays an important role in the resistance to JA/ethylene-
associated necrotrophic pathogens such as A. brassicicola and E.
carotovora [33–35]. Ethylene signaling components also play roles
in necrotrophic pathogen resistance, as shown by the susceptible
phenotypes of A. brassicicola-infected etr1-1, ein2-1, and ein3-1
eil1-1 mutants [33]. GLIP1 overexpression in these ethylene-
insensitive mutant plants restored resistance, which was accompa-
nied by a high expression of ERF1. It has been reported that ERF1
overexpression enhances resistance to several necrotrophic fungi
[39]. Here, we determined disease resistance of glipl-1 ctr1-1D
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Fig. 3. GLIP1 confers local and systemic immunity. (A, B) Systemic resistance elicited b
with 10 lL of mock, A. brassicicola (Ab; 106 spores/mL) (A) or E. carotovora (Ec; 5  105 c
(left) or E. carotovora (105 cfu/mL) (right) on the secondary (2) leaves. (C) Systemic resist
(1) leaves inoculated with Pst DC3000 AvrRpt2) (AvrFpt2; 107 cfu/mL) and incubated for
mL) (right) on the secondary (2) leaves. (D) Phenotypes of leaves in (A–C). Asterisks in
experiment was repeated 5 times and similar results were obtained.compared to wild type, glip1-1, and 35S:GLIP1 plants (Fig. 2B).
Plants were inoculated with A. brassicicola, after which fungal spore
production and lesion size at the infection sites of plants were
measured. A. brassicicola infection induced a hypersensitive re-
sponse in wild type and 35S:GLIP1 plants, whereas glip1-1 and
glip1-1 ctr1-1 exhibited susceptible phenotypes, developing
spreading lesions and increased production of fungal spores at
the inoculation sites. Although ctr1-1 plants were highly sup-
pressed in growth and thus were not tested, its elevated expression
of ERF1 and GLIP1 were indicative of resistance to necrotrophic6.6
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y necrotrophs in Col-0, glip1-l, and 35S:GLIP1 plants. Primary (1) leaves pretreated
fu/mL) (B) and incubated for 2 days were inﬁltrated with Pst DC3000 (106 cfu/mL)
ance elicited by Pst DC3000 (AvrRpt2) in Col-0, glip1-1, and 35S:GLIP1 plants. Primary
2 days were inﬁltrated with Pst DC3000 (106 cfu/mL) (left) or E. carotovora (105 cfu/
dicate signiﬁcant differences from the mock-treated Col-0 ðt test; P < 0:05). The
1656 H.G. Kim et al. / FEBS Letters 588 (2014) 1652–1658pathogens. These results suggest that GLIP1 is critical for ethylene
responses and ethylene-dependent immunity, and it is associated
with positive feedback regulation of ethylene-responsive genes
such as ERF1.
3.3. GLIP1 is essential for ethylene-associated systemic resistance
Plants use different defense strategies, depending on pathogens
which can be categorized into two types: biotrophs and necro-
trophs. In general, plants activate SA and JA/ethylene signaling to
enhance resistance against biotrophic and necrotrophic pathogens,
respectively [9–13]. This indicates that the activation of either SA
or JA/ethylene pathways, accompanied by the suppression of the
other pathway, would effectively promote resistance to a speciﬁc
type of pathogens. In fact, several reports have described the
antagonistic effects of hormones on each other [40,41]. On the
other hand, the situation is different in immune responses that
are systemically induced in uninfected tissues. Induced systemic
resistance is characterized by broad-spectrum resistance and
long-lasting effectiveness [12]. Positive cross-talk between SA
and JA/ethylene pathways has been reported for systemic immune
responses [40–43]. The cooperative action of hormone pathways
may be important for maximizing the level of resistance in plants
exposed to multiple pathogens in the natural environment. In our
previous study, we showed that GLIP1 depends on ethylene for its
expression and functions in local defense speciﬁcally against nec-
rotrophic pathogens [33,35]. Moreover, GLIP1 overexpression or
treatment with exudates from 35S:GLIP1 plants induced systemic
resistance to both JA/ethylene- and SA-associated pathogens
[33,35]. This suggests that GLIP1 has the activity to elicit a
broad-spectrum resistance to multiple pathogens, which is a major
characteristic of systemic immune responses [33,35].
Accordingly, we investigated whether primary infection either
by necrotrophs or by biotrophs would lead to a broad-spectrum
resistance (i.e., resistance to the other type of pathogens as well
as pathogens with the same lifestyle). The involvement of GLIP1
in these processes was also examined. In the experiments,
infectious and non-infectious strains of necrotrophs (i.e., E. caroto-
vora subsp. carotovora SCC1 and A. brassicicola, respectively) andR
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Col-0, glipl-l, and 35S:GLIP1 plants. Six-week-old plants were inoculated with water or A. b
post-inoculation, respectively. The experiment was repeated 5 times with similar resul
plants. RNA was extracted from local and systemic leaves in (A). The values represent mea
from the respective Col-0 ðt test; P < 0:05).biotrophs (i.e., Pst DC3000 and Pst DC3000 (AvrRpt2), respectively)
were used (Fig. 3). Lower leaves of plants were initially inoculated
with necrotrophic A. brassicicola or E. carotovora, and distal, upper
leaves were then infected with virulent Pst DC3000 or E. carotovora
(Fig. 3A and B). In wild type plants, bacterial growth of Pst DC3000
and E. carotovora following primary necrotrophic infection was sig-
niﬁcantly suppressed. However, systemic inhibition of pathogen
growth was not observed in glip1-1 mutant, indicating that the
GLIP1 mutation compromised necrotroph-induced systemic resis-
tance. We next examined biotroph-induced systemic resistance.
The growth of Pst DC3000 and E. carotovora was determined in
systemic leaves after Pst DC3000 (AvrRpt2) inoculation of primary
leaves (Fig. 3C). Primary biotrophic treatment effectively sup-
pressed systemic growth of Pst DC3000 and E. carotovora in wild
type plants. On the other hand, Pst DC3000 (AvrRpt2)-treated
glip1-1 plants developed systemic resistance to Pst DC3000, but
not to E. carotovora. Any treatments were unable to render glip1-
1 resistance to E. carotovora (Fig. 3A–C, right graphs), reﬂecting that
GLIP1 is critical for resistance to necrotrophic pathogens [33–35].
These results suggest that GLIP1 is speciﬁc for necrotroph-induced
systemic resistance, whereas it is not involved in biotroph-trig-
gered defense. However, the speciﬁcity of GLIP1 for necrotroph-in-
duced defense may be simply because GLIP1 is speciﬁcally induced
by ethylene, and thus by necrotrophs. This is supported by the
resistance phenotype of 35S:GLIP1 plants (Fig. 3). Constitutive
overexpression of GLIP1 in 35S:GLIP1 plants elicited resistance to
pathogens regardless of the type of pathogens applied for primary
and secondary infections. This implies that once expressed, GLIP1
can induce a broad-spectrum resistance in plants.
GLIP1 may regulate systemic immunity through feedback regu-
lation of ethylene signaling components [33]. We showed that
GLIP1 both positively and negatively regulates ethylene signaling,
leading to ERF1 activation and EIN3 degradation, respectively.
Moreover, the SA biosynthesis gene SID2 was repressed by EIN3
and EIL1, and SID2 expression was therefore increased in 35S:GLIP1
plants [32,33]. Based on these ﬁndings, we hypothesized that
GLIP1-mediated ERF1 activation and SID2 activation, resulting from
EIN3 degradation, are the underlying mechanisms of GLIP1-elicited
systemic resistance [33]. Demonstrating that GLIP1 is essential forR
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H.G. Kim et al. / FEBS Letters 588 (2014) 1652–1658 1657necrotroph-induced immunity, we analyzed the expression of EIN3
at the protein level, and SID2 and ERF1 at the transcript level in re-
sponse to A. brassicicola and in both infected and uninfected sys-
temic leaves (Fig. 4). At the local infection sites, EIN3 proteins
accumulated in wild type and glip1-1 plants, but did not much in-
crease in 35S:GLIP1 plants by A. brassicicola inoculation (Fig. 4A).
Similar results were previously obtained from treatments with
the ethylene precursor, 1-aminocyclopropane-carboxylic acid,
and ethylene [33]. Systemic expression of EIN3 was signiﬁcantly
elevated in A. brassicicola-treated glip1-1, although slight systemic
increase was observed in wild type plants. EIN3 was not expressed
in uninfected leaves of 35S:GLIP1 plants. Based on the negative ef-
fect of EIN3 on SID2 expression, SID2 was activated in systemic
leaves of wild type, but not in glip1-1 plants (Fig. 4B). 35S:GLIP1
plants showed a marked constitutive expression of SID2 in both lo-
cal and systemic leaves. Expression levels of ERF1 and PDF1.2 were
also constitutively high in 35S:GLIP1 plants. These results further
support our proposal that GLIP1 modulates systemic immunity
through the regulation of ethylene signaling components EIN3
and ERF 1 [33].
In this study, GLIP1 imparted a dominant effect on ctr1-1 mu-
tant for the ethylene response and for the defense against the nec-
rotrophic pathogen, A. brassicicola, suggesting that GLIP1 is an
essential component of the ethylene pathway and ethylene-associ-
ated pathogen resistance. This may result from GLIP1-mediated
ERF1 activation, particularly because ERF1 has been implicated in
the expression of pathogenesis-related genes and resistance to
necrotrophic fungi [39]. We have previously demonstrated that
GLIP1 plays important roles in systemic immunity and have pro-
posed that GLIP1-mediated ERF1 activation and EIN3 degradation,
and the resulting SID2 activation are the molecular mechanisms
underlying GLIP1-elicited systemic defense against pathogens
[33]. Consistently, EIN3 downregulation and SID2 and ERF1 activa-
tion were observed in systemic, uninfected leaves in response to
necrotrophic infection, and their expression was regulated by
GLIP1. In conclusion, GLIP1 plays a critical role in necrotroph-in-
duced systemic resistance, and once activated, can elicit a broad-
spectrum resistance to multiple pathogens (Fig. 5).Acknowledgments
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